Growth of Aerobacter aerogenes PRL-R3 on the unnatural hexose L-mannose as a sole carbon source is dependent upon the selection of a mutant. Growth of the mutant on L-mannose did not require the synthesis of novel enzymes for the degradation of L-mannose, since enzymes of the L-rhamnose degradative pathway could serve this function. However, unlike most other apparent gain mutations that have been described, the mutant was not constitutive for the degradative enzymes; isomerase, kinase, and aldolase activities functional in the degradation of both L-mannose and L-rhamnose were induced by either of these hexoses in the wild type as well as in the mutant. The fact that the wild type could metabolize L-mannose also ruled out the possibility that the cells were not permeable to Lmannose. Growth of the wild type on nutrient broth was severely inhibited by Lmannose coincident with the onset of L-mannose metabolism. A similar inhibition of growth of the mutant was overcome in about 2 hr. Both strains utilized L-rhamnose and L-mannose sequentially in a mineral medium containing both of these hexoses; at the onset of L-mannose metabolism, growth of the wild type, but not of the mutant, was inhibited. Thus, wild-type A. aerogenes cannot grow on L-mannose because of the toxicity of L-mannose or its metabolites. A mutation which overcomes the toxicity enables the organism to utilize L-mannose as a sole source of carbon and energy for growth.
Bacteria often show considerable versatility in their ability to utilize novel compounds as sole carbon sources. Frequently, the ability of a culture to utilize a novel compound is dependent upon mutation and selection. The biochemical bases for these apparent gain mutations have recently been the subject of systematic investigations in several laboratories (11, 15, 18, 31) . In most cases, the mutations were found not to result in the formation of new enzymes. Rather, they resulted in the constitutive production of enzymes for which the novel compounds normally served as fortuitous substrates, but which were normally induced only by the natural substrates. Examples of this are the utilization of altrose-galactoside via ,B-galactosidase (14) , L-arabitol via ribitol dehydrogenase (18) , xylitol via ribitol dehydrogenase and D-arabitol permease (15, 18, 31) , D-arabinose and L-xylose via L-fucose isomerase (2) , and mannitol via D-arabitol dehydrogenase (27) . Similarly, the ability of a mutant of Escherichia coli to utilize ,3-glycerol phosphate was found to be due to the constitutive production of alkaline phosphatase, an enzyme which is normally repressed by inorganic orthophosphate (29) .
Mutation in a structural gene is another mechanism by which an organism can acquire an augmented ability to metabolize a compound. This has been demonstrated with Aerobacter aerogenes, where genetic modification of ribitol dehydrogenase allowed the mutant to grow on xylitol at a faster rate than the parent (31) . In a few cases, mutational acquisition of the ability to grow on a novel carbon source has been correlated with the formation of a new enzyme which has no known function other than to facilitate the metabolism of the novel compound. Examples of this are the metabolism of D-lyXose via D-lyxose isomerase in A. aerogenes (1) , and of 1, 2-propanediol via 1, 2-propanediol dehydrogenase in E. coli (24) .
We have isolated a mutant of A. aerogenes PRL-R3 which, unlike the wild type, can grow readily on the unnatural hexose L-mannose as a sole carbon source. The pathway by which L-mannose is degraded in this mutant has been shown to involve, sequentially, isomerization to L-fructose, phosphorylation to L-fructose-l-phosphate, and cleavage to dihydroxyacetone phosphate and L-glyceraldehyde (17) . In the present investigation, we compare the mutant with the wild type in an effort to define the biochemical basis for the ability of the mutant, but not the wild type, to grow on L-mannose. The mechanism by which this apparent gain mutation exerts its effect differs from those that have been previously described.
MATERIALS AND METHODS Media. The media used were Nutrient Broth (Difco) and a mineral salts-sugar medium consisting of 0.71% Na2HPO4, 0.15% KH2PO4, 0.3% (NH4)2S04, 0.009% MgSO4, 0.0005% FeSO4.7H20, and sugar. The sugar (L-mannose or L-rhamnose) was autoclaved separately and added to the mineral salts at a concentration of 0.4% unless otherwise indicated.
Growth of cells. Growth was measured in culture tubes (18 X 150 mm) containing 7 ml of medium. The tubes were agitated at an angle on a reciprocal shaker at 32 C. Optical density readings were made at 540 nm with a Coleman Junior spectrophotometer. Viable-cell counts were made by plating on Nutrient Agar (Difco), and total cell counts were made with a Petroff-Hausser counter. An optical density reading of 0.30 was equivalent to a viable count of 2.7 X 108 cells per ml and a total cell count of 2.8 X 108 cells per ml.
Cells for manometric studies were grown in 500-ml volumes in Fernbach flasks on a rotary shaker at 32 C. They were harvested by centrifugation and washed once with distilled water.
Preparation of cell extracts. Cell extracts were prepared and fractionated with ammonium sulfate as described previously (17) . Selection (12) . When L-mannose and L-rhamnose were present in mixtures, L-rhamnose was measured colorimetrically with cysteine-sulfuric acid (8) ; the difference in optical density at 396 nm and 429 nm was a measure of the amount of L-rhamnose. The amount of L-mannose in the mixture was then measured with the reagents of Folin and Malmrose (12), correcting for the contribution of L-rhamnose to the 520 nm absorbance.
Protein was estimated by the method of Tombs, Souter, and Maclagan (28) .
Enzyme assays. Assays for L-mannose isomerase L-fructokinase, and L-fructose-1-phosphate aldolase were those described previously (17) . When L-rhamnose was the substrate for the isomerase, the L-rhamnulose formed was measured with the cysteinecarbazole reagents of Dische and Borenfreund (7), with the use of the molar absorptivity value reported by Chiu and Feingold (4). L-Rhamnulokinase was measured with the spectrophotometric assay described for L-fructokinase (17) , except that 3.3 mM L-rhamnulose was substituted for 10 mM L-fructose. L-Rhamnulose-l-phosphate aldolase was measured with the spectrophotometric assay described for L-fructose-lphosphate aldolase (17) , except that 6.7 mM L-rhamnulose-l-phosphate was substituted for 10 MM L-fructose-l-phosphate.
Manometric experiment. Manometry was performed by conventional techniques. Each Warburg vessel contained, in a volume of 0.5 ml, 10 ,umoles of hexose, 60 ,umoles of sodium phosphate buffer (pH 7.0), and washed cells (2 to 3 mg, dry weight). The center well contained KOH. The temperature was 30 C and the gas phase was air. RESULTS Selection of the L-mannose-positive mutant. Wild-type A. aerogenes PRL-R3 grew very slowly or not at all on L-mannose, with a generation time of more than 30 hr. However, after serial transfer in L-mannose-mineral medium, the generation time became progressively less, and eventually a strain was selected which grew with a generation time of 2.5 hr (Fig. 1) . The faster growth rate on L-mannose was a stable property, since the culture grew on L-mannose with a generation time of 2.5 hr even after at least five serial transfers on D-glucose-mineral medium. The strain which grew with a generation time of 2.5 hr has been termed the L-mannose-positive mutant. However, because many transfers were required to obtain this strain, with several intermediate growth rates (Fig. 1) , it is probable that a series of mutations was involved rather than a single mutational event.
Oxidation of L-mannose by wild-type cells. Wild-type cells which had been grown on L-rhamnose were able to oxidize L-mannose readily ( 2). L-Rhamnose served as an indul trient Broth-grown cells oxidized n( nose nor L-mannose (Fig. 2) . These that the wild-type strain had the gei both for transporting L-mannose and for metabolizing it. Common identity of the enzymes and L-rhamnose degradation. The s( actions by which L-mannose is n A. aerogenes (17) is similar to thi which L-rhamnose (6-deoxy-L-manr to be degraded in E. coli (3, 22, 2' rella pestis (11), and Lactobacillus 10; Fig. 3 (Table 1) . Further, the ratios of specific activities were similar in cer, since Nu-cells grown on either hexose: L-mannose was either L-rham-isomerized at a rate about 50% that of L-rhamdata indicate nose, L-fructose was phosphorylated at a rate netic potential about 10% greater than L-rhamnulose, and L-frucinto the cell tose-l-phosphate was cleaved at a rate about 25 to 30% that of L-rhamnulose-l-phosphate. induced by exposure to either L-mannose or L-rhamnose, contained wild-type levels of kinase and aldolase activities for both pathways, but was devoid of isomerase activity for both L-mannose and L-rhamnose (Table 2) . Although mutants lacking the kinase or aldolase were not obtained, other data, in addition to common induction at constant ratios, are consistent with the notion that one kinase and one aldolase function in both L-mannose and L-rhamnose degradation. When either enzyme was assayed in the presence of both substrates, the rates were not additive, but were intermediate between the rates obtained with either substrate alone (Table 3) . Further, fractionation procedures involving precipitation with ammonium sulfate and chromatography on Sephadex G-100 (17) failed to separate the kinase activities for L-fructose and L-rhamnulose or the aldolase activities for L-fructose-1-phosphate and L-rhanmulose-1-phosphate; the activities for each pair of substrates remained at the constant ratios indicated above at all stages of purification.
Although these data do not unequivocally prove that the isomerase, kinase, and aldolase involved in L-mannose degradation are the same as those involved in L-rhamnose degradation, they are most reasonably interpreted in this manner. What is of particular importance here is that it is not necessary to postulate the formation of novel enzymes for L-mannose degradation; the enzymes of the L-rhamnose pathway can serve this function and, indeed, the three enzymes active in the metabolism of L-manncse and L-rhamnose are induced by both of these sugars.
Induction by L-mannose of the enzymes of L-mannose and L-rhamnose degradation in wildtype cells. The data in Table 2 (17) .
not involve a change to constitutivity. Further evidence that the formation of the enzymes in the L-mannose-positive mutant requires the presence of an inducer is provided in Table 4 . When the induced cells were transferred to Nutrient Broth, in the absence of an inducer, the specific activities of all three enzymes for each pair of substrates rapidly decreased as growth occurred.
Relationship between growth and sugar utflization. Figure 4 compares growth and L-mannose utilization by the two strains in Nutrient Broth supplemented with L-mannose. The wild type grew readily until L-mannose utilization began; growth then stopped, but the L-mannose continued to be utilized. Phase-contrast microscopy showed that the slight decrease in optical density was due to partial lysis of the culture. The L-man- VOL. I1OO, 1969 Further, there is no need to postulate the synthesis of novel enzymes for the first three reactions, since the enzymes involved in L-rhamnose degradation can serve this function; both L-rhamnose and L-mannose can induce isomerase, kinase, and aldolase activities functional in the degradation of both sugars, and this occurs in the wild type as well as in the L-mannose-positive mutant. In addition, the fact that the wild type can metabolize L-mannose (Fig. 2, 4 , and 5) rules out a possible lack of permeability of L-mannose as the reason why the wild type cannot grow on L-mannose. The main difference between the wild type and the mutant is that L-mannose, or a metabolite of L-mannose, is toxic to the wild type but not the mutant (Fig. 4 and 5) . Thus, the mechanism of the apparent gain mutation described here is different from any previously described, to our knowledge, for the utilization of novel growth substrates.
Because L-mannose does not exhibit its toxic effect on the wild type until it has started to be metabolized ( Fig. 4 and 5) , it seems likely that a metabolite of L-mannose rather than L-mannose itself is the inhibitory compound. Whether this inhibitory compound is L-fructose, L-fructose-lphosphate, L-glyceraldehyde, or a metabolite of one or more of these intermediates, has not been established. However, L-glyceraldehyde, or a compound derived from it, is not an unlikely candidate, since L-and DL-glyceraldehyde are known to be inhibitors of bacterial growth (5, 6) and glycolysis (13, 19, 20, 30) . The metabolic fate of L-glyceraldehyde in A. aerogenes is unknown.
Although it can be concluded that growth of wild-type A. aerogenes PRL-R3 is inhibited by L-mannose or one of its metabolites, it is not yet possible to identify the inhibited reaction(s) or to define the mechanism by which the L-mannosepositive mutant overcomes the inhibition. Possibilities for the latter are: (i) a change in transport properties excludes the inhibitor from the cells, (ii) the inhibited enzyme(s) has become insensitive to the toxic compound, and (iii) an enzyme is formed which converts the toxic compound to a common metabolite or a nontoxic form. An investigation of these alternatives would probably best await an elucidation of the metabolic fate of L-glyceraldehyde in this organism.
